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ENTRAINMENT OF NON-VOLATILE SOLIDS IN 
SUBLIMATION AT REDUCED PRESSURE* 
Robert L. Skaggs and D. Peterson 
ABSTRACT 
A fundamental analysis of some of the factors affecting 
entrainment in sublimation is proposed and the predictions are 
verified experimentally by investigation of the separation of 
particulate silicon carbide from ammonium chloride. It was 
found that for the impurity particle size distribution 
studied, increased system pressure is effective in reducing 
entrainment at a given mass rate of sublimation. The separa-
tion is also improved at a given pressure by sublimation at 
lower rate. The sublimation rate was found to be a function 
of temperature and pressure. The temperature necessary to 
initiate sublimation is approximately the temperature at 
which the vapor pressure of ammonium chloride is equal to 
the system pressure. Above this initiation temperature, the 
sublimation rate increases linearly with temperature. 
Thorium tetrachloride of 200 ppm oxygen content is pre-
pared by double sublimation at controlled pressure. In the 
second sublimation the vapor is passed through turnings of 
* This report is based on an M.s. thesis by Robert L. Skaggs 
submitted March, 1958, to Iowa State College. This work was 
dqpe under Gontract with the Atomic Energy Commission. 
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thorium metal to remove volatile metal chloride impurities. 
The purity of the thorium tetrachloride sublimed by this 
procedure was found to be much superior to that sublimed at 
low pressure under a dynamic vacuum. 
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INTRODUCTION 
The term sublimation is used to denote the process 
whereby a substtmce passes from a. solid phase to a. gas phase 
back. into a. solid phe.se. Genuine sublimation is seldom used 
industrially as a refining operation because roost substances 
do not exert a high enough vapor pressure below the melting 
point to allow a practical rate ot vs.porization. Pseudo-
sublimation, in which the solid melts before vaporizing, 
occurs in many sublimation applications (1). The rete in 
genuine sublimation is adversely affected by low heat transfer 
rates through a granular solid (2). In cases where fraction-
ation is necessary in order to obts~n a product of the desired 
purity, distillation is used whenever possible. Although 
tractional condensation has been used in conjunction with sub-
limation in performing difficult separations (3), this method 
is considered inferior to fractionation carried out by dis-
tillation (1). This is due to two factors: counter-current 
movement of the solid and vapor phases is not possible, and 
the difficulty in controlling the condensation temperature 
leads to wide variations in product quality. 
The characteristics of sublimation refining do offer 
advantages in several specific instances. Sublimation may be 
used to obtain a dense, coherent product from a powdery feed 
(1). Since the operation is enclosed, and generally performed 
at only moderate rates, dusting losses are extremely low. 
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This is an important consideration if the product has high 
unit value or is toxic. If the difference in vapor pressures 
of the substances to be separated is greP.t enough that frac-
tionation is not required, the merits of sublima.tion might be 
greater than those of distillation ( 1). Because of the lower 
temperature of operation, sublimation has a decided advantage 
if the substance is subject to decomposition on heating. Re-
duced pressure may be used to lower the temperature of opera-
tion even further. Vacuum sublimation is desirable if for 
some reason the product cannot be allowed to come in conta.ot 
with the atmosphere. The technique should be considered when 
. dealing with chemically reactive or hygroscopic substances. 
Vacuum sublimation he.s been used in the production of high 
purity magnesium. Bakken (4) reports that vacuum sublimation 
was employed since it was found that equipment used in dis-
tillation rapidly deteriorated when subjected to liquid mBg-
nesium. 
Sublimation has an interesting B.pplicB.tion in the prep-
aration of reactive mete.ls. It ha.s been found that, in gen-
eral, direct reduction of active meta.l oxides is not satis-
factory as a preparation method due to the high free energy 
of forme.tion of these oxides. An alternative scheme, prep-
aration of the metal ha.lide and subsequent reduction with a 
more reactive metal, has proven applicable (5). The metal 
halide must be free of contamination if the resulte.nt metal 
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is to be of high purity. The preparation of thorium metal is 
an example of such a process. Beca.use of the chemistry of 
the thorium chloride hydrates, it is not possible to prepa.re 
pure thorium tetrachloride in e.queous solution. Chauvenet 
( 6) reports that only a hydrated form of thorium chloride 
could be crystallized from e.queous solution, snd tha.t the 
hydrate decomposed on heating to the oxychloride. Matignon 
and Delepine ( 7) reported similar experience. They prepe.red 
thorium tetrachloride by heating thorium oxide in e. stream of 
dry carbon tetrachloride or, alternatively, dry carbon mon-
oxide and chlorine, according to the reactions shown below: 
Th02 + CCl4 .-... ThCl4 + C02 
2CO + 2C12 + Th02 ~ ThCl4 + 2C02 • 
The s arne r .esul t may be accomplished by heating a mixture of 
thorium oxide and carbon in a stream of chlorine gas: 
Th02 + 2C12 + C ~ ThC14 + C02 • 
The product of this ree.ction is heavily contaminated with 
unreacted thorium oxide and ce.rbon (8). Conventional so lu-
t1on and til tering techniques may not be used to sepa.rate 
the thorium tetrachloride from these impurities because of 
the hygroscopic nature of thorium tetrachloride discussed 
above. The unusual nature of the separation required presents 
an excellent application for sublimation under reduced pres-
sure. Carlson et al. (9) reported that in the production 
of thorium meta.l by the reduction of thorium tetre.chloride 
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with magnesium, it was found that thorium oxide and oxy-
chloride 1n the thorium tetrachloride resulted in oxide con-
taminated metal. Although, according to the work of Lillien-
dahl (10), oxygen-free thorium tetrachloride is not required 
if calcium metal is used as the reductant metal; magnesium 
is to be preferred for cost e.nd purl ty considerations (9). 
The oxygen containing compounds as \olell es carbon a.re re-
ported to have been materially reduced by vacuum sublimation 
of thorium tetrachloride (9). In spite of the very great 
differences between the vapor pressure of thorium tetra-
chloride and those of the impurities, complete separation 
was not achieved (11). Since the non-volatile impurities 
existed in a very finely divided state, it is reasonable to 
assume that particles of impurity me.terial were being en-
trained in the gas stream and appeared in the condensed 
product. The work described in this paper was undertaken 
with the objectives of studying the entrainment phenomenon 
and of finding means whereby it might be controlled. 
It must be apprecia~ed that a quantitative treatment of 
the entrainment problem using thorium tetrachloride and 
thorium oxide would present several obstacles . The most 
serious of these is the problem of analyzing thorium tetra-
chloride tor oxygen. Since both the tetrachloride and the 
oxychloride are soluble in water, a simple gravimetric 
analysis based on differential solubility in water could not 
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be used. No convenient reliable method is available for the 
absolute determination of oxygen in thorium tetrachloride. 
The problem is further aggre.vated by the rapid moisture pick-
up of thorium tetrachloride. The variation of impurity level 
in the crude feed, the hygroscopic nature of thorium tetra-
chloride, and the difficulties encountered in analyses make 
it desirable to choose an analogous system with which to 
study the problem. 
The new system should be chosen in such e. way the.t the 
experimental difficulties are removed, a.nd yet the essential 
elements of the original system are truly simulated. The 
process to be studied was the removal of a volatile solid 
from mechanical mixture with a finely divided non-volatile 
solid. The choice of the two constituents should be me.de 
with both ease or performing the experiment and relie.bility 
of results considered. If the volatile solid is water sol-
uble and the impurity insoluble in water, the problem of 
analysis is greatly simplified. The choice of volatile 
solid was governed by the following considerations: solubil-
ity in water, volatility at modera.te temperature, end freedom 
from moisture pick-up or decomposition in air. Ammonium 
chloride satisfies the above conditions. The impurity mate-
rial should be insoluble in water, non-volatile, chemically 
inert, and available in a finely divided state of fairly 
uniform particle size. Silicon carbide rnetallurgic~l polishing 
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powder satisfies these requiremencs. 
The separation of a finely divided impurity from a vola-
tile solid by sublimation depends upon the net forces acting 
on the particles. If the particles are subjected to forces 
su:t'ficient to move them to the product condenser, the desired 
separation will not be accomplished. The principal forces 
acting on a particle are the force of gravity and the fluid 
drag of the escaping vapor. The drag force acts in the direc-
tion of gas flow, a.nd the gre.vitational force is e~ways direct-
ed downward. The simplest condition upon which a ma.thematica.l 
treatment of the process may be based occurs when these two 
forces are directly opposed. This condition occurs when the 
vapor stream is constrained to move vertically upward. '!he 
flow of vapor in any real sublimation apparatus will not 
conform to the simple model of vertical flow at uniform 
velocity. However, the model is useful in selecting the 
va.riables to be investigated. The relationships developed 
below should be qualitatively correct for any system in which 
the separation of the particulate material is principa.lly due 
to the restraining force of gravity. 
Consider the forces acting on a spherical particle in 
the volume of uniform cross-section within the retort through 
w:C1ich the ve.por is moving vertically upward. The net gravi-
tational force is given by: 
F = mg = !Tr r 3( <r - (> ) g , 
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where r: radius of the particle 
<r: density of the particle 
f: density of the vapor 
g: acceleration due to gravity. 
Since <r>>f, F =- ~n-r3(fg. 
Preliminary calculations show that the fluid flow past the 
particle is well within the viscous flow range, and the fluid 
drag is given by Stokes• law 
F =- 6lrM rv 
where ~ : viscosity of the vapor 
r: radius of the particle 
v: velocity of the vapor relative to the particle. 
When the particle has ceased to accelerate, the sum of the 
vertical forces acting upon it is equal to zero. 
6lT \--\ rv =- !nr3q- g 
The terminal settling velocity, Vt is given by 
vt • 2r2sr g n2q-g 
9""' ::1 18 "' 
The average linear velocity of the gas stream may be 
calculated from the measured mass flow rate. The average 
linear velocity is equal to the volume flow rate divided by 
the cross-sectional area of the channel. 
v =- dV(!) g dt A 
where v8 : average linear velocity of the gas 
~~: volume flow rate 
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A: cross-sectional area , 
At low pressure, the ideal gas law is valid, and at constant 
temperature and pressure may be used to express volume flow 
rate: 
dV mRT 
= dt MP 
where m: mass flow rate 
R: gas constant 
T: absolute tempere.ture 
M: average molecular weight of 
P: pressure • 
Substituting: mRT Vg = MPA • 
vapor 
It should be pointed out that the linea.r velocity or a fluid 
moving through a tube varies from zero at the bounding sur-
face to a maximum at the center. Although this effect is sig-
nificant, any treatment which takes it into account would be 
very involved and of only limited accuracy. 
The condition upon which entrainment depends is that 
the terminal settling velocity of a particle be eq~al to or 
less than the gas velocity. Expressions for both of these 
values are now available in terms of known or measurable 
quantities. 
Vg > Vt 
mRT ~ D2U" g 
PlvlA :=r 18f.4 
This expression may be used to predict the effect or tempera-
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ture and pressure upon entrainment at constant mass flow rate 
b~· considering the relations between tempereture, vapor pres-
sure, end gas viscosity. In general, the temperature at 
which sublimation takes place will be equal to or slightly 
greater than the temperature a.t which the vapor pressure of 
the volatile solid is equal to the pressure of the system. 
The vapor pressure of substances increases rapidly with 
increasing temperature, therefore the temperature range of 
interest is rather small· The viscosity of the vapor remains 
nearly constant over the temperature range since gas viscosity 
varies nearly as the square root of absolute tempera.ture ( 12). 
Over a wide range of pressure, the viscosity of a gas is 
practically independent of pressure. These generl!llizations 
a.re true for ammonium chloride over the temperature range 
studied as shown in Figures 1 and 2. In Figure 1 is shown a 
plot of vapor pressure temperature data for ammonium chloride 
( 13). 
Shown in Figure 2 is a plot of gas viscosity As a func-
tion of temperature calculated from the equations given by 
Licht and Stechert (14), with the simplifyine assumption that 
the viscosity of the HC1-NH3 mixture is a simple average of 
tne two components. 
It may be seen that the average vapor velocity at con-
stant mass flow rate diminishes with increasing pressure. 
The result is that the inequality is satisfied by sma.ller 
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values of D, particle diameter. 
The expression states the condition for the entrainment 
of uniform spherical pa.rticles in e. gas stream of cons tflnt 
velocity. Neither of these conditions could be fulfilled 
since the size and shape of ree.l particles are usually not 
uniform, and gas velocity is known to vary across the channel 
under all conditions of fluid flow. Because of the above 
discrepa.ncies between the model end the actuel situation, 
complete entre.inment could not be expected to occur abruptly 
for some particular operating condi tiona and fall to zero e.t 
slightly different conditions. A continuous change from good 
to poor separation over a rather wide range of conditions 
seems the more likely prospect. The expression can be used as 
a qualitative model from which the ve.riables to be studied 
may be chosen. It would be expected that operation at in-
creased pressure would result in improved separe.tion, end 
the.t the separation would be e.ccompanied by considerable size 
classification of the impurity particles in passing to the 
product condenser. 
The degree of separation was expressed by the ratio of 
weight percent impurity in the feed divided by weight percent 
impurity in the product. This ratio was defined as the 
purification factor. The factor so defined will vary from 
one for total entrainment to infinity for tote.l separe.tion. 
From the preliminary analysis of the problem presented 
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above, the scope and limitations of the study may be stated. 
The purification factor for a mechanical mixture of fifteen 
weight percent 600-grit silicon carbide polishing powder in 
ammonium chloride by sublimation at reduced pressure was 
studied. The vs.riables chosen were pressure and mass flow 
rate as expressed by Reynold's number. The effect of rate 
upon the separation was determined up to Reynold's number one 
hundred at pressures of 0.1 (nominal), 3.5, 11.0, and 43.5 
millimeters ot mercury. The degree of classification accom-
panying separation was studied by the determination of par-
ticle size distribution of impurity material in the original 
feed and in the product resulting from runs in which separa-
tion factors of 16.8 and 106.8 were o bt a.ined. 
The information ga.ined in the ammonium chloride i-nvesti-
gation was applied in the purification of thorium tetra-
chloride. Three batches of crude material were double sub-
limed at ?50°C and ?.5 mm Hg. In the second sublimation 
the vapors were contacted with millings of thorium metal 
that removed meta.l chloride impurities from the gas stream 
by reducing them to the metallic state. A method for the 
analysis of oxygen in the purified thorium tetrachloride was 
devised. Thorium tetrachloride of high purity with respect 
to both metallic and non-metallic impurities was prepared. 
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APPARATUS AND EXPERIMENTAL PROCEDURE 
Apparatus 
Because of the limited number of industrial applications 
of vacuum sublimation, there is at present no generally 
accepted ba.sic design for the equipment ( 2). The apparatus 
used in this work incorporates several features to reduce the 
objectionable e.spects of vacuum sublimation. An over-all 
view of the apparatus is sho'\.;n in F.igure 3. A detailed view 
of the retort tube is shown in Figure 4. The sublimation 
of a hygroscopic substance such as thorium tetrachloride does 
not lend itself easily to the development of a continuous 
process because of the necessity of avoiding contact with 
air. Sustained operation was achieved by using sealed hoppers 
for the feed and product, with provision for tntermittant 
addition of feed and removal of product. Operation was 
limited only by the cape.ci ty of the hoppers. The problem 
of heat transfer through a granular solid was minimized by 
placing the charge in an annular volume within the retort 
tube. Several methods of condensing e. sublimate are prac-
ticed, end the choice of method is gpverned by the physical 
properties desired of the product. A dense, low surface area 
product was desired to minimize handling problems. T.his was 
obtained by using a water-cooled cold-finger condenser. The 
brittle, crystalline product was easily removed from the 
condenser by a scraper. The loosened product fell into the 
product hopper. 
The sublimation apparatus consisted of a retort tube in 
which sublimation occurred, and a condenser tube 1 mounted 
vertically within the furnace and connected by a two inch 
diameter horizontal pipe. The entire hee.ted portion we.s con-
structed of Inconel because of the resistance of that alloy 
to attack by hydrogen chloride and chlorine vapors at high 
temperature. The retort tube was made of a twenty-four inch 
length of schedule forty, four and one half inch diameter In-
conel pipe. A charging tube twelve inches in length and two 
inches in dia~eter was welded into the top of. the ·retort tube. 
The addition of the crude feed from the charging flask was 
made through A one inch diameter tube welded into the che.rg-
ing tube. The feed was dumped from the charging tube into 
the retort through a valve which was manipulated by a rod 
running from th.e outside through a Wilson vacuum seal.. The 
vaJ.ve was lowered to permit gravity charging of the crude 
feed and raised to prevent condensation of product in the 
charging tube. A set of baffles confined the charge to en 
annular space in the retort tube. The baffles were posi-
tioned by two spacer strips and by a ring supported by three 
rods from the residue hopper. Below the retort was a residue 
hopper six inches in length and of the sa.me diameter as the 
retort. These two were flanged together with a rubber "0 11 
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Figure 3. Over-all view ot sublimation apparatus 
A) Charging tube 
B) Charging valve 
C) Battles 
D) Residue discharge valve 
E) Upper zone control point 
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G) Inner recording point 
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Figure 4. View of the retort tube 
A) Charging tube 
B) Charging valve (in open position) 
C) Baffles 
D) Baffle supports 
E) Residue discharge valve 
F) Labyrinth seal 
~Gl Sprung ring seal Annular ring 
Ring support 
J) Thermo well 
K) Vapor space 
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ring joint to provide a vacuum seal. Undistilled residue was 
removed from the retort by mee.ns of e ve.lve which seated 
into the ring below the baffles. This valva was opera.ted 
by a twenty-four inch length of stainless steel tubing which 
also served a.s a thermocouple well· The tube entered the 
bottom of the residue hopper through a Wilson seal. All 
rubber vacuum seals were protected by cooling coils of one 
quarter inch copper tubing. 
The condenser tube was three inches in diametA~ and 
forty-two inches long. The horizontal pipe from thE retort 
entered the condenser at a point fourteen inches below the 
top, and the outlet to the vacuum pump was situated thr~e 
inches below the top of the condenser tube. The upper end 
was closed by a blind flange with a water cooled vacuum 110" 
ring seal. The lower end of the tube was connected to a 
glass receiving flask by e. short length or radiator hose. 
A water-cooled, cold-finger cond.enser extended from the blind 
flange twenty-seven inches into the condenser tube. Condensed 
material was broken from the cold finger by a double action 
scraper fitting closely around the cold finger end operated 
by means of a three-eighths inch diameter rod which entered 
through a Wilson sea.l in the blind fle.nge. Me.terial broken 
from the cold finger fell into the receiver flask. 
The sublimation apparatus was heated by Em electrical 
resistance furnace with a heated zone twenty inches long, 
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twenty-one inches high, and five inches wide. The heated 
portion was insulated by seven inches of silica insulating 
fi~e brick on the sides and ends and four inches at top end 
bottom. The furnace was enclosed in e. rectangular sheet 
iron shell· The furnace had two independently controlled 
heating zones. The bo~tom zone was heated by four Nichrome 
heating elements of twelve ohms each connected as two parallel 
resistances. The top zone was heated by six similar elements 
connected as three parallel resistances. Each zone was con-
nected to a 230 volt A.O. source and together were capable 
of developing seven and one-half kilowatts of heat. The 
furnace was controlled by a Brown Electronic two point 
0-1000°0 strip chart recorder-controller Model 153C64-P2822 1 
K5-42 manufactured by the Minneapolis-Honeywell Company. 
The electronic controller operated two CY type, size 1, relay 
controllers manufactured by the Clark Controller Company. 
The two controlling chromel-alumel thermocouple points were 
placed near the outside surface of the retort tube. A third 
chromel-alumel thermocouple, placed within the retort at the 
residue discharge valve, actuated a Brown Electronic 0-1200°0 
Model 152Rl3PS-1311Q3 circular chart recorder. The fluctua-
tions in furnace temperature brought on by the off-on action 
of the controller-recorder were reduced by the heat capacity 
of the retort, and a constant temperature inside the retort 
was easily maintained. 
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The pressure within the apparatus was regulated by the 
valving system placed between the cold trap and vacuum pump. 
By manipulation of the three valves, the sublimation apparatus 
. could be opened directly to the pump for evacuation· or main-
tained at some given pressure by the use of a variable head 
bubbler in the line. For pressures below fifteen millimeters 
of mercury, Cenco "Hypervac" vacuum pump oil, specific gravity 
o.S5 grams per cubic centimeter, was used for the bubbler 
liquid. For higher pressures, a.n excessive depth of oil 
would be required and mercury was used. A portable McLeod 
gauge, Flosdorf modification, connected between the condenser 
tube and the cold trap was used to measure the pressure of 
the system. A two-stage mechanical pump, Model 93020, manu-
factured by the Oentral Scientific Company was used for the 
preparatory evacuation and removal of leakage gases during 
sublime. tion. 
Experimental Procedure 
Ammonium chloride investigation 
As stated in the Introduction, studies were made on the 
separation of mixtures of 600-grit silicon carbide in ammonium 
chloride in order to establish the principles governing the 
entrairunent phenomenon. Feed containing a known amount of 
impurity of known particle size was refined at various rates 
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and pressures. Although the apparatus was cape.ble of sus-
tained opers.tion, the runs were performed batch-wise in order 
that each product sample be ~ssociated with one definite set 
of operating conditions. The silicon carbide used was manu-
factured by the Norton Abrasive Company and marketed by Buehler 
Limited under the name, "1554 A B Silicon Carbide Powder, 
Grit Number 600"· Reagent grade ammonium chloride manufac-
tured by the Fisher Scientific Company was used. 
The impurity content of the prepared crude feed was 
arbitrarily set at 15 weight percent. Since this value enter-
ed into the calculation of the separation factor, care was 
exercised in feed preparation. A uniform crude feed with 
little variation in composition from batch to batch and tree 
from fines was required. The teed was prepared by dry mixing 
the two constituents thoroughly and adding enough water to 
form a stiff paste. The paste was dried in a three-quarter 
0 inch cake at 150 C on a hot plate. The dried cake was broken 
into one-half inch pieces and screened to remove minus twenty 
mesh material. 
A uniform procedure was adopted in performing the sub-
limations in order to reduce the number or variables. The 
retort tube was loaded at room temperature through the charg-
ing valve. Enough crude feed was added to completely fill 
the annular volume around the baffles. This required approxi-
mately five hundred grams of ammonium chloride. The apparatus 
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was made vacuum tight s.nd the charging and residue valves 
closed. The sublimation apparatus was evacuated with the 
system open directly to the pump. A liquid nitrogen cold 
trap protected the pump from system vapors. When a pressure 
of twenty to thirty microns was reached, the valve leading 
directly to the pump was closed and the by-pass through the 
bubbler opened. The McLeod gauge was removed from the con-
nection and replaced with a line connected to a helium tank. 
With the bubbler e.djusted to maintain the desired pressure, 
helium was slowly admitted to the system until a discharge 
through the bubbler indicated that the internal pressure had 
reached the desired level. At this time, the furnace power 
was turned on. In order t.o reach the desired internal tem-
perature as quickly as possible, the external thermocouple 
control points were set to control at a temperature twenty-
five degrees Centigrade above that desired for a particular 
run. As the internal temperature approached the operating 
temperature, the control points were lowered to the desired 
operating temperature. 
The rate of sublimation was calculated from the observed 
weight of product and the time of the run. Some material was 
sublimed during the time required to reach the chosen oper-
ating temperature. ~e amount of material sublimed during 
this period was estimated by assuming that sublimation at 
an appreciable rate began when the vapor pressure of ammonium 
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chloride was equal to the pressure of the system end that the 
rate was linear with temperature. Both ot these assumptions 
proved to be approximately true. Thus, the time or each run 
was taken to be the time at operating temperature plus one-
half the time required to heat from the initiation tempera-
ture, at which the vapor pressure of ammonium chloride was 
equal to the pressure of the system, to the operating tem-
perature. Runs were terminated after one to two hours at 
temperature. Upon the conclusion of a r~n, the power was 
turned off and helium admitted to the system until a pressure 
of one atmosphere was reached. By this procedure it was 
assured that negligible sublimation occurred while the fur-
nace was cooling. The apparatus was allowed to cool before 
the product was scraped from the cold finger into the product 
flask. 
The product was examined to determine the effect or the 
operating conditions upon the amount and physical form of 
the ammonium chloride as well as the amount and particle size 
distribution of the entrained silicon carbide. The product 
was removed and weighed to determine the sublimation rate. 
The ammonium chloride in the sublimate was dissolved in water 
acidified with nitric acid. The suspension vas filtered 
through a gle.ss filter crucible or known weight. The medium 
speed filter was round to retain all of the silicon carbide 
and yet permit filtering at a reasonable rate. The silicon 
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carbide '"a.s wa.shed six to eight times with distilled water, 
dried five hours at 250°0 and weighed. 
Several determin~tions of the pa.rticle size d.istribu-
tion of the silicon carbide in crude feed e.nd sublimed product 
were ma.de. This was done to determine the particle size of 
the non-volatile impurity a.nd the extent of classification 
which occurred during sublimation. The differential manometer 
technique for particle size determination described by Dotts 
(15) was tried. The method is based on the determination 
of particle terminal settling velocities from the change in 
density as a function of time of an initially uniform dis-
persion. The Stokes relationship between terminal settling 
velocity end particle diameter is then used to calculate the 
size distribution. Exploratory work indicated that complete 
dispersion was very difficult to achieve, and that results 
obtained from sedimentstion analysis were very sensitive to 
small changes in concentration of dispersing agent. Conse-
quently, the particle size analysis of silicon carbide by 
this method did not give reproducible results. The direct 
microscopic measurement technique for the determination 
of particle size was chosen in spite of slowness of this 
method. A Leitz microscope fitted with e substage condenser, 
a. mechsnice.l stage, and a filar eyepiece was used in the 
determine.tion. A ma.gnification of approximately 560 diameters 
was obtained from a 45x objective and a 12.5x filar eyepiece 
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combination. The filar eyepiece was calibrated prior to eaoh 
determination with a Leitz stage micrometer. A dispersion 
of the silicon carbide powder in toluene was spread evenly 
on a standard glass slide, allowed to dry, and permanently 
fixed under a cover glass with colloidion. A serious objec-
tion to the method is the difficulty in obtaining a truly 
repreaentative group of observations (16). In order to 
eliminate ~server bias in the choice of areas, a pattern of 
horizontal an~ vertical stage translations was chosen before 
the count was be~un. This pattern was strictly followed 
in covering the sl~e. With the use or the calibrated filar 
eyepiece, the Martin~ diameters of all particles within a 
given field were measu~ed. The Martin's diameter is defined 
as the length or an imag~nary line parallel to the direction 
of travel of the filar hair line which equally divides the 
projected area or the observed particle. In a strict sense, 
the only pe.rticle that can be described by diameter is a 
sphere. There are, however, several definitions of particle 
diameter used in optical microscopy as e.pproximations. The 
Martin's diameter was chosen for the purposes of this investi-
gation because the errors involved in the approximation are 
to some extent compensated by the random orientation of the 
particles (17). The determinations were limited to approxi-
mately three-hundred observations principally because the 
eye strain and repetition involved limited the period over 
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which an observer might remain effective. Using increments 
ot ten filar units. approximately one micron at the magnifica-
tion used, over the range of the sample distribution, the 
observations were arranged on a traction undersize basis. 
With the optical system used, the limit of resolution was , 
approximately 0.5 microns, and the analyses were limited to 
the portion of the sample greater than that size. The direct 
microscopic measurement method could only yield particle 
diameter-versus-numerical traction data. The diameter-versus-
mass traction distributioa was needed since the separation 
factor was calculated on a mass basis. The conversion was 
made by making the simplifying assumption that all of the ' 
particles were spherical. In this case the mass of each 
particle is proportional to the cube ot its diameter. To 
obtain the distribution on a mass basis, the particles fall-
ing within each size increment are weighted according to the 
mean cube of the size increment. 
Thorium tetrachloride investigation 
Once the principles governing the entrainment ot solids 
in sublimation had been established, work was directed toward 
the purification ot thorium tetrachloride. The crude material 
was prepared by reacting mixtures of thorium oxide and carbon 
with chlorine gas at 550°0. The reaction product was stored 
in sealed Mason Jars until needed. The crude thorium tetra-
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chloride was opened under a helium atmosphere, crushed to 
minus eight mesh, sampled, a.nd loaded into the charging 
flask. The loaded flask was attached to the apparatus imme-
diately before evacuation of the sublimation apparatus to 
avoid undue conta.ct with air. · The system was evacuated to 
a pressure of 25 microns of mercury or less before the charge 
was dumped into the retort tube and heating started. It was 
noted that a large amount of HCl gas was evolved from the 
crude charge as it was being heated to operating temperature. 
This hydrogen chloride was formed by the reaction of mois-
ture in the charge with thorium tetrachloride end was not 
observed to any extent in the resublimation runs. Heating 
to the higher temperature required for the sublimation of 
thorium tetrachloride required 6-7 hours. Hence, the rate 
varied during a considerable portion of the runs. A maximum 
rate of one-half pound per hour was estimated. No attempt 
was made to systematically study purification as a function 
of sublimation rate as was done in the ammonium chloride 
investigation. However, it was noted from the color imparted 
to the product by minute amounts of carbon that purification 
suffered as the rate increased. This wa.s more evident in · 
the resublimation runs where the discoloration due to carbon 
was not masked by the presence of iron and chromium chlorides. 
After each run, the glass receiver flask was removed from 
the apparatus and transferred to a dry box where th,e product 
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was examined end. sampled under helium. 
The metho'd used for the determination might well be dis-
cussed at this point. As it is pointed out above, no gen-
erally a.ccepted method is available for the determination of 
oxygen in thorium tetrachloride. It is possible, however, 
to devise a rather definitive mee.sure of oxygen contP..mine-
tion. If sublimed thorium tetrachloride is handled with pre-
cautions to prevent contact with water vapor end the resul-
tant formation of hydrates, all the oxygen may be assumed 
to be present as ThOCl2 or Tho2 . Matignon end Delepine (7) 
report that thorium tetrachloride is soluble in absolute 
ethyl alcohol while the oxychloride is not. They also found 
the.t thorium oxychloride was soluble in water. Samples of 
sublimed thorium tetrachloride were dissolved in dilute 
hydrochloric acid e.nd in absolute ethyl alcohol. The residue 
left after dissolution in dilute HCl we.s found to be insig-
nificant with respect to the.t remaining after treatment with 
absolute ethyl alcohol. Consequently, it we.s assumed that 
all of the oxygen we.s present as thorium oxychloride rather 
than thorium oxide. 
'The analysis was carried out by finely grinding the 
sample under helium end dissolving it in freshly prepared abso-
lute ethyl alcohol. Dissolution took place slowly end 
vigorous agitation was used. The solution was filtered end 
the residue was ignited to constant weight in air and weighed 
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as T.bo2 . The residue was treated with distilled water before 
ignition to insure hydrolysis or the thorium oxychloride. 
The oxygen content ot the ThC14 was calculated according to 
the reaction: 
Tb0Cl2 + H20 ~ Tho2 + 2HC1 
and reported as weight percent oxygen. 
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RESULTS AND DISCUSSION 
Ammonium Chloride-Silicon Carbide Separe.tion 
An investigation of the effect of pressure and re.te on 
tae separation of a volatile solid from a. finely divided non-
volatile impurity by sublimation was carried out. The study 
was made using mixtures of fifteen weight percent 600-grit 
silicon carbide metallurgical polishing powder in ammonium 
chloride. The efficiency of separetion was determined as a 
function of sublimation rate with the pressure maintained et 
different levels. A series of separations were made in which 
the vacuum system was continuously evacuated. It was found 
that separation was improved by operation at low rates, and 
that increased system pressure resulted in improved separa-
tion at any given rate. Particle size determinations per-
formed on representative crude and product material indi-
cated that classification occurred, end that small particles 
were entrained more easily then the larger ones. These re-
sults are in s.greement w1 th the model presented in the Intro-
duction. The rate of sublimation was found to be a function 
ot' pressure and temperature. 
The Reynold~ number, in addition to being a measure of 
the relative inertial and viscous effect associete,d with 
t'low, is a convenient end universally eccepted expression 
describing a fluid flow system. Phenomena relating to flow 
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are logically referred to e Reynold~ number. The Reynold~ 
number was evaluated e.t the en trance to the tube leading 
from the retort tube to the condenser. The Reynold\ number 
was calculated from known tube diameter, measured flow mass 
flow rate, end available temperature-viscosity information. 
A sample calculation is shown below. 
NRe 
DG 
=-u 
where D: Tube diameter (em) 
G: Mass flow rate per unit area 
H: Viscosity of the gas tuixture 
Tube diameter: 5.0 om 
Measured sublimation rate: 100 gm/hr 
Gas visoosi ty: 2.03 x 10-4 gm/c·11-seo 
( gm/cm2-sec) 
(gm/cm-sec) 
(Arithmetic average of the viscosities of NH3 and HCl cs1ou-
KT2/3 1ated t'rom Sutherland's equation: H =- T + C ) 
G • <100 gm{hr) = 14.15 xl0-4 gm/cm2-sec (3600 seo/hr)(l9.6 om2) 
DG (5.0 cm)(l4.15 x lo-·4 gm/om2-sec) 
NRe = -;( • ( 2 • 03 x 10-4 • 34 • 8 " gm/cm-sec) 
The separation factor was deterarLned in each cese as shown 
·below: 
Crude: 15.% SiC 
Product: 0.46% SiC 
S.F. • 15.0/0.45 = 33.4 , 
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The rate and separation data from the subl1ma.t1on of 
ammonium chloride are shown in Tables 1-4. The data are 
presented in a plot of the purification factor versus Reynoldll 
number in Figure 5. The form of the curves obtained suggested 
that a log-log plot of the same data be made. This plot is 
shown in Figure 6. It is seen that the d~ta confirm the pre-
dictions of the preliminary ana,lys1s. Pur1f1CEltion was 1m-
proved with decreased rate for the runs performed with the 
system continuously eva.cuat~d, but good separation was not 
obtained at any sublimation rate for this condition. Opera-
tion at increased system pressure in each case allowed sub-
limation at a higher rate while maintaining the same separa-
tion t actor. 
Since the impurity material was comprised of particles 
with a range or particle sizes, it was necessary to supplement 
the separation data with size distribution analyses. The 
analyses were made by the microscopic count method, and gave 
numerical fraction rather than weight percent as .a function 
or particle diameter. The results of the determinations for 
the initial material and the material recovered for the sub-
limate are shown in Tables 5-7. The separation data, however, 
were expressed in terms of mass and it was necessary to con-
vert the particle size analyses to a mass basis in order to 
make correlations. The distribution determinations on a me.ss 
basis are shown in Tables 8-10. The results are more rea.dily 
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Table 1· Rate and separation data for the sublimation of 
mixtures of 15 weight percent 600-grit silicon 
carbide in ammonium chloride with the system 
continuously evacuated 
Run no. Temp(°C) Rate( gm/hr) NRe S.F. 
l 125 1.9 0.8 18.3 
2 150 53.9 22.6 15.1 
3 160 ?5.9 29.4 14.4 
4 180 132.0 49.1 9.1 
5 141.1 4?.7 2.0 
6 200 143.1 5().9 2.1 
7 220 184.0 63.1 2.3 
8 210 216.0 ?5.5 1.9 
Taele 2. Rate and separation data for the sublimation of 
mixtures of 15 weight percent 600-grit silicon 
carbide in ammonium chloride at system pressure 
3.5 mm Hg 
Run no. Temp(°C) Rate( gm/hr) NRe S.F. 
1 200 o.7 0.25 
2 230 11.6 3.9 106.8 
3 240 12.? 4.2 3?.1 
4 13.6 4.3 109.3 
5 225 22.2 ?.6 34.3 
6 235 ?8.6 26.2 25.3 
7 260 113.3 36.8 25.2 
8 260 165.1 52.7 19.7 
9 280 316.3 97.4 4.1 
36 
Table 3. Rate and separation data for the sublimation of 
m1xt~res of 15 weight percent 600-grit silicon 
carbide 1n ammonium chloride at system pressure 
11.0 mm Hg 
Run no. Temp{°C) Rs. te { gm/hr) NRe s.r. 
1 230 18.2 6.1 292.5 
2 245 44.4 14.6 119.9 
3 260 99.4 31.8 64.9 
4 250 118-8 38.5 50.5 
5 270 121.9 38.2 65.2 
6 275 221.5 68.6 22.7 
Table 4. Rate and separation data for the sublimation of 
mixtures of 15 weight percent 600-grit silicon 
carbide in ammonium chloride at system pressure 
43.5 mm Hg 
Run no. 0 Temp{ C) Rate(gm/hr) NRe S.F. 
1 250 7.0 2.2 lOOO(Eet.) 
2 255 35.8 11.5 228.5 
3 260 66.0 21.1 120.3 
4 270 86.7 27.0 121.3 
5 285 142.0 41.9 78.5 
6 265 144.8 47.1 92.8 
7 290 215.5 65.5 ?0.8 
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Table 6. Numerical size distribution of impurity particles 
sampled from the unpurified feed 
Numerical 
Range Sum fraction Size 
(filar units) Frequency observ a tiona undersize ( m1c ro11-s) 
0-10 96 96 .266 1.2 
11-20 64 160 .399 2.4 
21-30 36 186 .495 3.6 
31-40 33 219 .582 4.8 
41-60 28 247 .657 6.0 
51-60 22 269 -716 ?.2 
61-70 18 287 .763 8.4 
71-80 18 306 -811 9.6 
81-90 9 314 .835 10.8 
91-100 11 325 .864 12.0 
101-110 7 332 .883 13.2 
111-120 6 338 .899 14.4 
121-130 6 344 .915 15.6 
131-140 9 353 .939 16-8 
141-150 3 356 .947 18.0 
151-160 2 358 .952 19.2 
161-170 5 363 .965 20.4 
171-180 2 365 .971 21.6 
181-190 3 368 .979 22.8 
191-200 1 369 .981 24.0 
201-210 4 373 .992 26.2 
211-220 2 375 .997 26.4 
221-230 1 376 1.000 27.7 
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Table 6. Numerical size d1 atribution or impurity particles .. 
sampled from the product ot a run having a separa-
tion factor or 16.8 
Numerical 
Range Sum fraction · Size . (filar units) Frequency observations undersize (microns) 
Q-10 96 96 .366 1·1 
11-20 18 114 .435 2·2 
21-30 18 132 .504 3.3 
31-40 26 158 .603 4.4 
41-50 15 173 .660 5.6 
51-60 18 191 .729 6.7 
61-70 16 207 .790 7.8 
71-80 14 221 .844 8.9 
81-90 17 238 .908 10.0 
91-100 7 246 .935 11·1 
101-110 2 247 .943 12.2 
111-120 3 260 .954 13.3 
121-130 4 254 .969 14.5 
131-140 2 256 .977 15.5 
141-150 3 259 .989 16.7 
161-160 17.8 
161-170 18.9 
171-180 1 260 .992 20.0 
181-190 1 261 .996 21·1 
191-200 22.2 
201-210 23.4 
211-220 1 262 1.000 24.5 
4.1 
Table ?. Numerical size distribution or impurity particles 
sampled from a product resulting from a run having 
a separa.tion factor of 106.8 
Numerical 
Range Sum fraction Size 
( t'llar units) Frequency observations undersize (microns) 
0-10 100 100 .33? 1.09 
11-20 32 132 .444 2.2 
21-30 29 161 .542 3.3 
31-40 28 189 .636 4.4 
41-50 24 203 .684 5.4 
51-60 21 224 .?54 6.5 
61-?0 21 245 .825 ?.6 
?1-80 15 260 .8?5 a.? 
81-90 16 2?6 .929 9.8 
91-100 5 281 .946 10.9 
101-110 2 283 .953 11.9 
111-120 6 289 .9?3 13.1 
121-130 2 291 .9?9 14.1 
131-140 3 294 .990 15.2 
141-150 2 296 .96? 16.3 
151-160 1?.4 
161-1?0 1 29? 1.000 18.5 
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Table 8. Mass size distribution of impurity particles . 
sampled from the unpurified feed 
Maee 
Range Mase fa~tor fraction Size 
(filer units) Frequency X 10- undersize (microns) 
0-10 96 -01 .0002 1-2 
11-20 54 .05 .001 .2.4 
21-30 36 .18 .004 ,. 3.6 
31-40 33 .4? .011 4.8 
41-50 28 .9? .024 6.0 
51-60 22 1.?4 .041 ?.2 
61-70 18 2.89 .o64 8.4 
?l-80 18 4.35 .100 9.6 
81-90 9 6.30 -126 10.8 
91-100 11 8.?? .169 12.0 
101-110 ? ll-86 .206 13.2 
111-120 6 15.48 .248 14.4 
121-130 6 19.84 .302 15.6 
131-140 9 24.96 .404 16.8 
141-150 3 30.89 .446 18.0 
151-160 2 3?.69 .480 19.2 
161-1?0 5 45.43 .583 20.4 
1?1-180 2 54.16 .632 21.6 
181-190 3 63.94 .?18 22.8 
191-200 1 ?4.84 .?52 24.0 
201-210 4 86.91 .909 25.2 
211-220 2 100.21 1.000 26.4 
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Table 9. Mass size distribution of impurity pa.rticles · ;_, . 
sampled from a product resulting from e. run 
having a separation factor of 16.8 
Mass fraction undersize Size (microns) c ) 
.0005 1.1 
.002 2.2 
.006 3.3 
.020 4.4 
.03? 6.6 
.0?4 6.? 
.128 ?.8 
·200 8.9 
.326 10.0 
.399 11.1 
.42? 12.2 
.481 13.3 
.5?5 14.5 
.634 15.5 
.?43 16.? 
.882 
l-000 24.5 
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Table 10. Mass size distribution ot impurity pe~tlcles 
sampled from a product resulting from a run 
having a separation factor 106·8 
Mas a traction undersize Size (microns) 
.0007 1·1 
.oo3 2.2 
.011 3.3 
.030 4.4 
•063 5.4 
.116 6.5 
.204 7.6 
.299 a.? 
.-u5 9.8 
.5()9 10·8 
.543 11.9 
.678 13.1 
.736 14.1 
.844 15.2 
.934 16.3 
1·000 
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appreciated in graphical form. The numerical fraction under-
size versus log particle diameter is shown in Figure ?. The 
gre.ph of mass fraction undersize versus partic·le diameter in 
Figure B better emphasizes the shift in distribution due to 
classifice.tion. The entrained silicon carbide had no par-
ticles larger tha.n 24.5 microns when the separation factor 
was 19.9 and no particles larger than 18.5 microns when the 
separation fa.ctor was 106.8. The degree of classification 
does _not, however, reach that predicted by the preliminary 
analysis of the problem. Since the terminal settling velocity 
varies a.s the sque.re of the particle diameter if Stokes 1 s 
law is followed, it would be expected that purification would 
be effected by the complete removal of the larger particles, 
end that only small particles would appear in high quality 
product. Examination of the distribution of particle diam-
eters in the product from a sublimation which ga.ve a purifica-
tion factor of 106~8 shows that this is not entirely ~he case. 
A considerable fraction of the very small particles must have 
been removed as well as the larger particles. An explanation 
for this unexpected behavior is possible through a more 
rigorous approach to the problem. The validity of Stokes's 
law for viscous drag over the entire range of conditions 
studied was e.ssumed in the development of the expression 
defining the condition for entrainment. Stokes's law is 
based on the e.ssumptions the.t resist ance to motion is entirely 
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Pigure 7. Nuaerioal size distributions ot lmpuritr 
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Figure e. Mass size distributions ot impurity 
material sampled from crude teed, 
low quality sublimed product, and 
high quality sublimed product 
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due to viscous rather than inertial effects, that the resist-
ing medium is homogeneo·us, and that the fluid velocity at the 
interrace is zero relative to the body. When the mean free 
path of a gas becomes comparable to the size of the particle, 
the medium may no longer be considered homogeneous. When 
this condition is reached, slip of the tluid eppears to occur 
at the particle surface, and viscous resistance is less than 
that predicted by Stokes's law. Cunningham (18) gives a 
theoretical treatment or this phenomenon based on the tr1mster 
of momentum from_ the particle to the tluid. Milliken ( 19, 20) 
observed deviation from Stokes's law in the course of the 
classic "Oil Drop" experiment. An empirical correction to 
Stokes's law was developed in the torm 
_, 
F • 617"Urv[l + A(l/r~ 
where A • 0·817 
J. the mean free path ot the gas • 
~~rther study ot the problem led Millikan to state a general 
law of fall which postulated three distinct regions: l) The 
mean free path ot the gas is small oompered with the droplet, 
and Stokes's law is essentially valid. 2) The mean free 
path ie· of the same order of magnitude es the droplet, and 
slip occurs. 3) The mean tree pe.th is large compared to the 
size of the droplet, and fluid resistance arises from colli-
sion of gas molecules with the droplet rather than viscous 
drag. All three oases can be described by the expression 
49 
above if A is no longer a constant, but varies. fro~ o.s1 to 
1.16 with the rs.tio l;r. The ne.ture of the gas end the sur-
face of the droplet or particle also attect the value of A. 
For the purposes ot this work, this vari e.tion was negleo ted 
since 1 t is small compared to the approxime.tions already made. 
The significance ot the slip correction is that at low pres-
sure the term A( 1/r) becomes-· large compared to unity tor very 
small particles with the result that the terminal settling 
velooi ty varies · as the first power ot the radius.. With in-
creased pressure or particle size the A(J/r) term becomes 
less important and the terminal settling velocity varies es 
the square ot the radius. In the light of this information 
it may be stated that at reduced pressure the separation of 
small bodies from a gas stream is better than that predicted 
by Btokes 1 s law. This effect becomes more important for 
smaller particles. This is in agreement with the experimenta1 
observation tha'J; purification oa.me as a result ot the separe.-
tion ot particles ot all sizes. 
The condition tor entrainment for sublimation through 
a vertical channel of cross-section As now becomes: 
=I. • D~kg f 1 + A(ffl)) • 
Subst1 tuting the channel area ot the sublimation apparatus, 
the density of silicon ce.rbide and the apparent molecular 
weight of the unsaturated ammonium chloride vapor, the equa-
tion can be reduced in the following way: 
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m{8.3 x 106 Erg/mole- °K)T ~ 
(1.0133 x 106 dynes/cm2)(P/760)(26.7999 m/mole)(l9.6 cm2) 
n2(3·17 gm/~=~)(980 cm{seo2l ~ + 0 ,817(gl~ 
ll·~ mT l' 172i,c5 D2 l1 + l·SM(!>l • 
From kinetic theory, the mean tree path ot a gas is given by: 
j. 1 
V2Tfnd2 
where J: meen tree path 
n: number ot Dk>lecules per unit volume 
d: molecular diameter or the gas ~ 
At low pressure, the ideal gas law holds: 
(12) 
n :a NAV (273\ (p) :a 6.023 x 1023 (273\ fp) • g •65 x 101a/F} • 
22,400 cm3\760I f 22,400 760]\! \TJ 
The av~rage molecular diameter ot the NH3-HCl mixture is 
taken as 4.46 A0 • 
Substituting: 
~- 1 , (T) • 1.16 x lo-5(T_\ • 
t(2TT(9.65 x 1018)(4.46 xlo-8) 2 P P] 
The mean tree path is given in centimeters and the pressure 
in millimeters or mercury. 
It the temperature ot the vapor is assumed to be the 
temper~ture at which 'Ghe vapor pressure ot the solid is equal 
to the, pressure ot the system, the ·mass tlow rate required to 
entrain a particle ot given size may be calculated tor various 
51 
pressures. The values substituted into the general expressi()n 
are shown in Table· 11. The tour resulting equations are: 
1) p • 0.1 mm Hg 
m • 27.3 n2 + 7.98 D 
2) p • 1.0 mm Hg 
m • 184.5 n2 + lo52 D 
3) P • 10.0 mm Hg 
2 
m • 1,495 D + 1.37 D 
4) p • 40.0 mm Hg 
2 1.28 D m • 5,230 D + • 
Table 11· Varia.tion ot gas mixture properties 
Pressure Temferature Viscosity Mean tree 
(DID Hg) Olt) (Poise x 104) path {om) 
o.l 383 1.40 4.44 X 10-2 
loO 433 1.83 .5.04 X 10-3 
10·0 483 2.03 5.6 x lo-4 
' 
40.0 518 2.16 16.0 X 10-5 
For each pressure,. the mass flow rate at which entrainment 
would just occur was calculated tor various particle sizes 
and the results are shown in Ta.b1es 12-15. It was reasoned 
that the purification factor ought to be proportional to the 
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Table 12 • V&lues resulting from solution of the expression· 
relating mass tlow rate to the diameter ot the 
largest entrained particle at system pressure 
0.1 mm Hg 
D m DG (microns) (gm/hr) 7:4 1/D 
0.1 o.o7 o.o3 10 
1.0 .71 0.3 1·0 
10.0 7.2 3.3 Q.l 
20·0 14.6 6.6 .0.05 
30.0 22.3 10.2 o.o33 
40.0 30.1 13.5 0-026 
Table 13. Values resulting trom the solution ot the 
expression relating mass flow rate to the 
diameter ot the largest entrained particle at 
system pressure 1.0 mm Hg 
D m DG (microns) (gm/hr) 1i 1/D 
o.1 .oa o.o1 10 
1.0 .a o.1 1.0 
10·0 6.1 2.2 o.1. 
20.0 13.6 4.8 o.o5 
30.0 22.4 7.8 o.033 
40.0 32.6 11.3 o.o25 
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Table 14. Values resulting from solution of the expression· 
relating mass flow rate to the diameter of the 
largest entrained particle at system pressure 
10.0 nm Hg 
D m DG (microns) (gm/hr) -;:;- 1/D 
0.1 .10 .01 10 
1.0 1.04 o.l l.Q 
10.0 15.3 ;5.6 0.1 
20.0 37.6 10.9 o.o5 
/ 
30.0 82.0 22.0 0.033 
40.0 125.5 36.9 o.025 
Table 15· Values resulting from solution or the expression 
relating mass flow rate to the diameter of the 
largest entrained particle at system pressure 
40.0 mm Hg 
D m DG (microns) (gm/hr) k 1/D 
O.l .09 o.o1 10 
1·0 1.09 o.2 1·0 
10.0 27.8 7.7 0.1 
20·0 85.9 27.8 o.o5 
30.0 197.0 60.3 0.033 
40.0 337.0 104 0.025 
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reciprocal or the largest particle entrained for e given . 
pressure and mass flow rate. The exact relationship would 
depend on the particle size distribution and would req~ire a 
sunmation over the velocity range in the va.por channel. Its 
exact solution would be ver,y difficult and probably .ot ~ittle 
practical interest. The results or the calculations are 
shown in Figure 9 as a plot of reciprocal diameter versus 
Reynol~s number. The similarity between these calculated 
curves and the experimental separation factor curves at the 
two higher pressures may be seen in comparison with Figure 6. 
Displacement of the calculated curves upward and to the right 
for higher pressures agreed with the observation that opera-
tion at a greater rate without the entrainment or a particle 
ot given size was possible at higher pressures. These 
curves indicate that beca.use of the importance or the slip 
eftect for ·'very small particles and low pressures, the sepa-
ration or very small particles might be accompliShed better 
at low pressure due to the decrease in viscosity end vapo~ 
volume with decreasing temperature. This ertect, it it 
occurred at all in the experimental work, was lost due to the 
small mass traction of small pa.rticles. If all or the 
particulate matter was under one micron in diameter, it is 
possible that increasing pressure would not improve the 
separation taotor. 
The calculated curves predict about the same separation 
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at 0.1 mm Hg for all particle sizes above 10 microns in 
diameter. The experimental results, however, show improved 
separation with increased pressure. The work. of l.Ullik.an 
( 21) offers one explanation for this inconsistency since ~'liis 
oor.i'ection applies precisely only for oil droplets in s.ir •. 
The surface condition of the falling material might signifi-
cantly 81"fect the value or A in the modified form of Stokes's 
law. It is reasonable to assume that the interfs.ces of oil 
droplets would be more favorable for slip than would the 
interfaces of solids composed or fracture surfaces or crystal-
line planes. ·slip might be materially reduced for the silicon 
carbide part1cles and change the value of A enough to shift 
the curves to yield a calc.ulated re~ult in agreement with 
the experimental data. 
The non-linear shapes of the experimental curves for a 
continuously evacuated system and a system at 3.5 mm Hg pres-
sure in the log purification factor versus log Reynol~s num-
ber plot remain unexplained. It is possible that the log-log 
plot served. to magnify experimental error in this region and 
the unusual curves resulted. The difficult nature ·or the 
problem did not allow very precise and reproducible mea~ure-
' ment of the extent or entrainment. The equipment which was 
used could not easily be regulated to give a constant rate 
of sublim~tion. For these reasons little significance was 
placed on the form which these two curves displ81· 
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According to Vernon (2), the rate of sublimation may be 
limited by either the rate or delivery of material to the 
condensing surface or by the rate of heat transfer to the 
volatilization chamber. As shown in Figure 10, a plot of 
the sublimation rate versus temperature at ea.ch of the four 
values of system pressure gave a straight line. This result 
is consistent with the hypothesis that heat transfer was the 
rate controlling factor. The form of the expression for the 
sublimation rate can be deduced if the following assumptions 
are made: 1) Heat transfer limited the rate of sublimation. 
2) Sublimation at a measure.ble rate began at some tempera-
ture which was a function of the pressure of the system, and 
that the temperature of the subliming solid remained nearly 
constant during each run. 3) The heat of vaporization re-
mained constant over the small range of temperature and pres-
sure of the investigation. 4) The overall coefficient of 
heat transfer of the vacuum shell s.nd the crude feed did not 
vary significantly with temperature or pressure. A thermal 
balance was written over the sublimation chamber: 
Heat in a Heat out 
KmAm~ t ~m = L 
where AH: Latent heat of sublimation (cal/gm) 
m: Sublimation rate (gm/hr) 
Overall heat transfer coefficient ( cal-om ) 
°C-hr-om2 
0 
200 ~ 
~ 
~ 
--.. 
::1: 
... 
s 150 
1&1 
~ 
~ 
z · 
0 
~ 
"' ~ 
:J 100 
m 
:::::1 
en 
&0 
100 
0 
~ 
~ 
~ 
OPEN 
o OPEN 
~ 3 .5mm Hv 
~ II.Omm Hv 
~ 43.5mm Hv 
0 
150 250 
INTERNAL TEMPERATURE (-c) 
IIOmm 
43.5mm 
300 
Figure 10. Variation of sublimation rate with 
temperature and pressure 
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Am: Mean area of heat transfer (cm2) 
L: Length or transfer path (em) 
~t: Temperature difference between the measured stage 
temperature and the internal temperature of sub-
limation • 
The expression may be written: 
m • K~t 
or m • K(t- t 0 ) K • Slope = K~ • 
This is 1n agreement with the straight line plot of the 
data, and it is concluded that heat transfer to the subliming 
material rather than the rate of mass trensfer we.s the limit-
ing factor. This analysis would have to be modified to epply 
at high tempe~atures where heat transfer by radiation be-
comes significant. The temperature, t 0 , at which sublima-
tion begins was found to be approximately the temperature at 
which ammonium chloride had a vapor pressure equal to the 
pressure ox· the _system. The slope of these curves was a 
constant .. ror the · three higher pressures but different for the 
runs in which the system was continuously evaucated. This 
difference may have been caused by the same factors which 
caused the very poor separation in these runs. 
Thqrium Tetrachloride Purification 
Thorium tetrachloride was purified by sublimation by using 
tbe beet opera_~ing conditions., as deduced from the research on 
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ammonium chloride. The resulting products were examined and 
analyzed tor oxygen content. Since pure thorium tetrachloride 
is white, the presence or colored impurities (i·~~ metallic 
chlorides and tree carbon) could be readily detected by the 
appearance of the product. The results or the first sublima.-
tion runs sta.rting with crude thorium tetrachloride e.re shown 
in Table 16. Each of these products was resublimed through 
Table 16. Results or the first sublimation or crude thorium 
tetrachloride at 750°0 and 7.5 mm Hg 
Run no. 
1 
2 
3 
%oxygen 
0.328** 
o.o44 
o.065 
Appearance* 
light brown 
II 
" 
II 
" 
*All three samples when dissolved in absolute ethyl 
alcohol gave a light blue-green solution. Very slight dis-
coloration of the filter paper due to carbon was observed 
during the analyses. 
**Apparatus leaked during the run. 
t~rnings or thorium metal to remove volatile metallic chloride 
impurities and further reduce the particulate impurity con-
tent. The results ot the resublimation runs are shown in 
Table 17. 
It is concluded that thorium tetrachloride or high 
quality can be produced by sublimation. Resublimation wee 
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Te.ble 17. Results of the resubl1mat1on of thor! urn tetra-
chloride through millings of thorium at 750°C 
and ?.5 mm Hg 
Run no. 
1 
2 
3 
% oxygen 
0.035 
o.020 
Appearance* 
White 
Slight discoloration 
White 
*All three samples when dissolved in absolute ethyl 
alcohol gave clear, straw colored solutions. No carbon was 
observed on the filter paper in any analysis. 
**Apparatus leaked during the run. 
somewhat beneficial in further lowering the oxygen level, 
but the separation factor was much smaller than for the 
first sublimation. The oxygen containing pa.rticulate impurity 
in the product of the first sublimations would be predomi-
nantly the smaller size particles which are roost ea.sily en-
trained. Hence, unless these psrticle s grow or agglomera.te, 
they would be more difficult to seps.rate than the particula.te 
material in the crude thorium tetrachloride. From the observ-
ations made during the analyses of the products, it appeared 
that oxygen contamination was primarily due to the entrain-
ment of thorium oxychloride rather than thorium oxide. 
Full advantage could not be taken of the pressure de-
pendence of entrainment in the sublimation of thorium tetra-
chloride. The apparatus was not designed to handle molten 
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me.terial in the retort tube, ~nd operation \'la.s limited to 
tempe~~tures below ??0°C, the melting point of thorium tetra-
chlo~ide. At ?50°0, the temperature of operation, the vapor 
pressure or thorium .tetrachloride is approximately 50 mm Hg. 
Because of· this low vepor pressure, it ws.s rather difficult 
to achieve an adequate rete until the system pressure we,s 
reduced to ?.5 mm Hg. The results of the ammonium chloride 
investigation indicate that the oxygen content of sublimed 
thorium tetrs.chloride could be further reduced by opers.tion 
at higher pressure or lower rates. Veporization at higher 
pressure would require en apparatus designed to contain molten 
thorium tetrachloride. If Inconel were not resistent to this 
molten salt, s.lundum might be used. Smirnov end Ivenowskii 
(22) report that alundum is resistant to molten ThC14 up to 
e.t lee.st 840°0. At this temperature the vepor pressure is 
greater than 200 mm Hg, · and under these conditions it is 
estimated that a pressure of 50 mm Hg might be imposed on the 
system without seriously hampering the volatilization rate. 
With proper precautions in handling, thorium tetrachloride 
puritied by sublimation or distille.tion might easily yield 
sponge thori\im with an oxygen content lower then that of 
crystal bs.r thorium. 
LITERATURE CITED 
1· Bebie, Jules. 11Sublime.tion 11 Chemical ang_ Met e.llurgicel 
Eng1neerigg 41:24? (1934) 
2. Vernon, H. C. 11Sublimation 11 In Perry, John H., ed. 
"Chemical Engineer's :Handbook" pp. 660-665. 3rd 
ed. New York, N.Y. McGraw-Hill Book Co., Inc. 
( 1950) 
3. McGavock, William C. "Fractional Condensation of Sub-
limed Materie.ls Such as Chlorides of Iron and 
Chromium" u.s. P11tent 2,214,838. Sept. 1?, 1941. 
Abstracted in Chemical Abstracts 34:668 (1941) 
4. Bakken, H. E. 11High Purity N'f!gnesium Produced by Sub-
limation" Chemical and Metallurgical Engineering 
36:345 (192gr-
5. Kroll, W. J. 11How Commercial T1 tanium e.nd Zirconium 
Were Born" Jo~nR.l of the Franklin Institute 260, 
No. 3:169 (Sept. 1955} 
6. Chauvenet. Ed. "Sur lee Hydre.tes du Chlorure et du 
Bromure de Thorium" Comptes Rendus de 1 1 Aca.demie 
de Sciences 149:289 (1909) --
7. Matignon, C. Md Delepine, M. 11Chlorure, Oxychlorure, 
Hydrure, et Azoture de Thorium" Annales Chemie et 
de Physique Ser. 8, 10:130 (190?) -
8. Zorn,_ James, Ames, Iowa. "Terminal Report" to ·peterson, 
David A., Assistant Professor of Chemistry, Iowa. 
State College, Ames, Iowa. (Unpublished typewritten 
manuscript) (1956) 
9. Carlson, 0. N., Chiotti, p., Murphy, G., Peterson, D., 
Rogers, B. A., Smith, J. F., Smutz, M., Voss, M. 
and Wilhelm, H. A. 11The Metallurgy of Thorium" 
~q~~gin~ of the International Conference on 
the Peaceful Qses of Atomic Energ~ 9:?8-82 (1955) 
10. L1lliendahl, v/. C. 11 Thorium 11 u.s. Patent 2,446,062. 
July 2?, 1948. Abstracted in Chemical Abstracts 
42:7227 (1948) 
64 
11· Eaton, David L., Ames, Iowa. "Terminal Report" to 
Peterson, De.vid A., Assistant Professor of Chem-
istry, Iowa State College, Ames, Io1-1a. (Unpub-
lished typewritten m~nuscript) \1956} 
12. Moore, Walter J. "Physical Chemistry" New York, N.Y. 
Prentice-Hall, Inc. ( 1950) 
13. Stull, Da.vid R. "Vapor Pressure of Pure Substances 11 
Industrial and Engineering Chemistry 9:51? (191?) 
14. Licht, William, Jr. and Stechert, Dietrich G. "The 
Variation of the Viscosity of Gases and Vapors with 
Temperature" Physicel Chemistrl 48:~3 (1944} 
16· Dotts, Walter M. 11Mea.suring the Distribution of Par-
ticle Size in Dispersed Systems 11 Induatri~.l and 
Engineering Chemistry, Analytica.l Edition 18:326 
(1946) 
16. Skinner, D. G., Boas, Traube, s., Brown, R. L., and 
Hawksley, P. G· W. "Determination of Particle 
Size in the Sub-Sieve Re.nge 11 Published jointly 
by the British Colliery Owners Research Association 
and the British Coal Utilization Research Associa-
tion, London, England. (~. 1944) 
1?. Cadle, R. D. "Particle Size Determina.tlon" Interscience 
Manual ?. New York, N.Y. Interscience Publishers, 
Inc. (1955) 
18. Cunningha~m, E. 110n the Velocity of Steady Fall of 
Spherical Particles Through a Fluid Medium" 
Proceeding! of The Royal .Society of London Ser. A, 
83:35? {1910} 
19. Millikan, R. A. "An Isolation of an Ion, a Precision 
Measurement of Its Che..rge, and the Correction of 
Stokes 1 a Law 11 Physical Review 32:349 ( 1911) 
20. 110n the Elementary Charge and the Avagadro 
Constant" Physical Review Ser. 2, 2:109 (1909) 
21. "The General Law of Fall of a Small Spherical 
Body Through a Gas, and Its Bearing Upon the Nature 
ot Molecular Reflection From Surfaces 11 Physical 
Review Ser. 2, 22:1 (1922) 
65 
22. Sm1rnov, M. V. and Ivanowskii, L. E. "Ree.ction of 
Thorium Oxide With Its Chloride in Molten Salt 
Solutions" (in Russian). Zhur. Neorg. Khim. 1: 
1843 (1956) (Original not e.va1leble for examina-
tion; tre.nsleted by Mme. s. Botcha.rsky in Atomic 
Resee.rch Establishment No. Lib/760, Harwell, 
Berkshire, England. Atomic Energy Research Estab-
lishment. (1957)) 
